Introduction {#s5}
============

Major depressive disorder (MDD) is a primary health issue at both individual level and socio-economic level. In adolescents and young adults (aged between 15 and 39 years), depression is the third-leading cause of disability, while in middle-aged adults depression was reported to be the second cause of disability on a global scale ([@CIT0026]). The heavy burden of the disease can be attributed both to the high lifetime prevalence (\~13%) and to the insufficient response rates to antidepressant treatments. Complete symptom remission is achieved in approximately one-third of patients, while another approximately one-third develops treatment-resistant depression (TRD), but TRD estimates were up to 40% in other samples ([@CIT0078]; [@CIT0074]). The high percentage of treatment failure or incomplete remission is probably a consequence of intrinsic biological and environmental heterogeneity among MDD patients ([@CIT0028]), suggesting that biomarkers of antidepressant response would be useful to guide treatment at the individual level.

Antidepressant response was demonstrated to have a relevant genetic component by family studies and more recent approaches such as Genome-wide Complex Trait Analysis ([@CIT0077]). For this reason, genetic variants are considered theoretically optimal biomarkers to provide personalized antidepressant treatments and to reduce the proportion of patients that develops TRD.

TRD may have a different genetic make-up compared with milder nonresponse cases, but previous pharmacogenetic studies were mainly focused on a generic definition of response that did not consider the number of failed antidepressants. A significant genetic heterogeneity was reported among different MDD samples ([@CIT0028]), in line with the clinical observation that MDD is a heterogeneous entity. TRD patients were demonstrated to have some distinctive clinical features compared with non-TRD patients, such as higher symptom severity, more frequent suicidal risk, and comorbidity with anxiety ([@CIT0073]; [@CIT0013]; [@CIT0037]). Despite the fact that these features may depend also on environmental factors or non-genetic biological factors, other clinical subtypes of MDD probably have a genetic basis, such as atypical vs typical MDD ([@CIT0053]). These findings together with the prognostic value of TRD suggest that TRD should be considered as a separate phenotype in genetic studies. On the ground of these observations, an increasing number of studies took into account not only antidepressant response/remission but also TRD or a measure of resistance stage (e.g., classes corresponding to the number/range of failed treatments). A relevant contribution to the field has been provided by The European Group for the Study of Resistant Depression, which has been working for over 15 years to study clinical and genetic variables associated with TRD, producing valuable data and anticipating a more recent spread of interest towards this phenotype ([@CIT0070]).

TRD is usually defined as nonremission after at least 2 adequate antidepressant trials, but this standard definition may not reflect the underlying pathophysiological mechanisms or a reproducible set of genetic risk variants. The standard definition of TRD and the other available definitions have been formulated on the basis of clinical observations ([@CIT0073]). For example, older definitions of TRD required nonremission to at least 2 adequate trials with antidepressants of different classes; then the different class criterium was abolished after several studies demonstrated no significant difference in switching to different types of treatments after the failure of the first treatment trial ([@CIT0067]; [@CIT0074]). Several more complex staging models have been developed, based on the duration of treatment, number, and type of treatments failed ([@CIT0052]). Available genetic studies generally used the standard definition of TRD, but recent literature underlines that MDD and TRD are probably heterogeneous entities under the biological point of view, suggesting that classification systems should include information about the specific pathogenetic mechanisms involved ([@CIT0001]), a concept that has been repeatedly underlined since the proposal of the Research Domain Criteria ([@CIT0033]).

The present review provides an overview on the genetics of TRD, since the discussion on clinical relevance of this phenotype. Then, taking into account the pros and cons of previous studies, some possible strategies to improve future pharmacogenetic studies are discussed to contribute to the advances of this research field ([Figure 1](#F1){ref-type="fig"}).

Overview of Previous Findings {#s6}
=============================

In the following 2 paragraphs, the results of genetic studies investigating TRD are summarized ([Table 1](#T1){ref-type="table"}). The most part of available studies used the candidate gene approach, that is, they genotyped relevant polymorphisms in genes having a known link with antidepressant mechanisms of action (pharmacodynamics) or metabolism (pharmacokinetics). More recently TRD was also investigated by some genome-wide association studies (GWAS). GWAS represent the technological answer to the hypothesis that antidepressant response has a polygenic nature, that is, thousands of polymorphisms across the genome are probably involved and many of them are supposedly outside genes or in genes with no known connection to antidepressant response. GWAS arrays polymorphisms throughout the genome, concentrated in relevant regions, and they can provide signals in previously unsuspected regions.

###### 

Summary of Genetic Studies Investigating TRD

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Gene                                                                             Polymorphisms                                                                                                                                  Sample Size                                                                       Main Findings                                                                                                                                                                                                                                   Reference
  -------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------
  Glutamate ionotropic receptor NMDA type subunit 2B (GRIN2B)                      rs1805502                                                                                                                                      178 TRD, 612 non-TRD, 779 HC                                                      Increased risk of TRD in rs1805502 G allele carriers.                                                                                                                                                                                           ([@CIT0083])

  Glutamate ionotropic receptor kainate type subunit 4 (GRIK4)                     rs11218030, rs1954787                                                                                                                          380 TRD, 247 non-TRD                                                              Increased risk of TRD and psychotic symptoms during depressive episodes in rs11218030 G allele and rs1954787 GG genotype.                                                                                                                       ([@CIT0054])

  100 TRD                                                                          Increased risk of non-response after ECT in rs11218030 G allele and rs1954787 GG genotype.                                                     ([@CIT0056])                                                                                                                                                                                                                                                                                                                      

  Brain derived neurotrophic factor (BDNF)                                         rs6265 (Val66Met)                                                                                                                              62 TRD                                                                            Better response to ketamine in G (Val) allele.                                                                                                                                                                                                  ([@CIT0039])

  71 TRD                                                                           No association with ketamine response.                                                                                                         ([@CIT0076])                                                                                                                                                                                                                                                                                                                      

  36 TRD                                                                           Better response to rTMS in G (Val) allele.                                                                                                     ([@CIT0003])                                                                                                                                                                                                                                                                                                                      

  BDNF, neurotrophic receptor tyrosine kinase 2 (NTRK2)                            rs6265 (BDNF), rs1387923, rs2769605 and rs1565445 (NTRK2)                                                                                      644 non-TRD, 304 TRD                                                              rs1565445 T allele, rs1565445 TT genotype, rs1565445 and rs1387923 T-T haplotype were associated with TRD. A genotypic combination at four loci in NTRK2 and BDNF (rs1387923-rs1565445- rs2769605-rs6265) was associated with TRD.              ([@CIT0045])

  CAMP responsive element binding protein 1 (CREB1)                                rs2709376, rs2253206, rs7569963, rs7594560, rs4675690                                                                                          119 non-TRD, 71 TRD                                                               rs7569963 A allele, rs2253206-rs7569963 A-A and rs7569963-rs4675690 A-C haplotypes were associated with TRD. Negative results for the other SNPs.                                                                                               ([@CIT0071])

  s889895, rs6740584, rs2551922, rs2254137                                         265 non-TRD, 102 TRD                                                                                                                           No association was found for TRD. rs889895 GG was associated with remission.      ([@CIT0007])                                                                                                                                                                                                                                    

  147 non-TRD, 73 TRD                                                              No association was found for TRD. rs2254137 AA was associated with remission.                                                                  ([@CIT0020])                                                                                                                                                                                                                                                                                                                      

  Solute carrier family 6 member 4 (SLC6A4 or serotonin transporter)               5-HTTLPR                                                                                                                                       36 TRD                                                                            Better response to rTMS in LL genotype.                                                                                                                                                                                                         ([@CIT0003])

  5-HTTLPR, rs25531                                                                310 TRD, 284 HC                                                                                                                                L(A)L(A) homozygote haplotype was more common in HC compared with TRD patients.   ([@CIT0004])                                                                                                                                                                                                                                    

  SLC6A4, solute carrier family 6 member 2\                                        5-HTTLPR (SLC6A4), rs2242446 (SLC6A2)                                                                                                          119 TRD, 395 HC                                                                   5-HTTLPR L/L in conjunction with SLC6A2 rs2242446 TT was less frequent in TRD patients compared with HC and in ECT non-responders compared with responders.                                                                                     ([@CIT0035])
  (SLC6A2 or norepinephrine transporter)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Potassium two pore domain channel subfamily K member 2 (KCNK2)                   rs12031300, rs10779646, rs17546779, rs12136349, rs2841616, rs7538655, rs2841608, rs7549184, rs10494996                                         264 non-TRD, 487 TRD                                                              rs2841616, rs2841608, rs12136349, rs10494996 were associated with TRD in the whole cohort and in Caucasian patients.                                                                                                                            ([@CIT0062])

  Protein phosphatase 3 catalytic subunit gamma (PPP3CC)                           rs7430, rs10108011, rs11780915, rs2249098                                                                                                      276 non-TRD, 102 TRD                                                              rs7430 and rs10108011 were associated with TRD.                                                                                                                                                                                                 ([@CIT0017])

  PPP3CC                                                                           rs7430, rs10108011, rs11780915, rs2249098                                                                                                      147 non-TRD, 73 TRD                                                               No association between genotypes and TRD.                                                                                                                                                                                                       ([@CIT0020])

  PPP3CC, BDNF, 5-hydroxytryptamine receptor 2A (HTR2A or serotonin receptor 2A)   rs7430, rs10108011 (PPP3CC), rs6265, rs11030101, rs11030104, rs12273363 (BDNF), rs643627, rs6313 (HTR2A)                                       76 non-TRD, 149 TRD                                                               Using machine learning and clustering algorithms, a combination of 3 SNPs (rs7430 in PPP3CC, rs6265 in BDNF, rs6313 in HTR2A) and the clinical feature melancholia showed the best predictive performance of TRD.                               ([@CIT0036])

  HTR2A                                                                            rs643627, rs17288723, rs6313                                                                                                                   276 non-TRD, 102 TRD                                                              No association between these variants and TRD.                                                                                                                                                                                                  ([@CIT0017])

  Catechol-O-methyltransferase (COMT)                                              rs4680 (Val108/158Met)                                                                                                                         100 TRD, 100 HC                                                                   The alternative allele A (Met) was more frequent in TRD than in HC and it was associated with worse ECT response.                                                                                                                               ([@CIT0046])

  104 TRD                                                                          The A (Met) allele was associated with worse ECT response particularly regarding the core symptoms of depression and sleep-related symptoms.   ([@CIT0016])                                                                                                                                                                                                                                                                                                                      

  90 TRD                                                                           No association between this variant and TMS response.                                                                                          ([@CIT0050])                                                                                                                                                                                                                                                                                                                      

  rs4680, rs174696                                                                 276 non-TRD, 102 TRD                                                                                                                           No association between these variants and TRD.                                    ([@CIT0017])                                                                                                                                                                                                                                    

  5-hydroxytryptamine receptor 1A (HTR1A or serotonin receptor 1A)                 rs6265                                                                                                                                         90 TRD                                                                            CC genotype was associated with higher symptom improvement after treatment with TMS.                                                                                                                                                            ([@CIT0050])

  HTR1A, BDNF                                                                      rs6295 (HTR1A), rs6265 (BDNF)                                                                                                                  119 TRD, 392 HC                                                                   The combination of rs6295 (HTR1A) GG and rs6265 (BDNF) GA + AA genotypes was more frequent in TRD compared with HC.                                                                                                                             ([@CIT0002])

  Poly(A) binding protein cytoplasmic 4 like (PABPC4L)                             GWAS (CNVs) with pathway analysis                                                                                                              811 non-TRD, 452 TRD                                                              A modest enrichment of duplications and a particular deletion spanning PABPC4L in TRD, but these findings were not significant after multiple- testing correction. Pathways regulating actin cytoskeleton were nominally associated with TRD.   ([@CIT0060])

  Calcium voltage-gated channel subunit alpha1 C (CACNA1C) (GO:0006942)            Pathway analysis in GWAS                                                                                                                       226 non-TRD, 394 TRD                                                              The Gene Ontology term GO:0006942, including the CACNA1C gene, predicted the risk of TRD with a mean sensitivity of 0.83, specificity of 0.56, positive predictive value=0.77, negative predictive value=0.65 after cross-validation.           ([@CIT0021])

  /                                                                                GWAS                                                                                                                                           7795 non-TRD, 1311 TRD                                                            No genome-wide significant finding.                                                                                                                                                                                                             ([@CIT0043])
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: CNV,copy number variations; ECT,electroconvulsive therapy; HC,healthy controls; rTMS,repetitive transcranial magnetic stimulation.

Only candidate genes investigated by at least 2 independent studies and/or with complementary evidence of association with TRD (e.g., gene expression studies, in vitro or in vivo models) were reported. The results of GWAS were also reported. For each gene the nonabbreviated name is reported correspondence to the first occurrence.

Candidate Genes {#s7}
---------------

Genes more convincingly involved in TRD are related to glutamatergic and monoaminergic neurotransmission as well as synaptic plasticity, as suggested by the antidepressant efficacy of the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine and electroconvulsive therapy (ECT) in TRD ([@CIT0038]; [@CIT0015]).

NMDA receptor (NMDAR) upregulation has been implicated in TRD pathogenesis ([@CIT0024]) and ketamine works by blocking this receptor. NMDAR is composed of a combination of individual protein subunits, including one called GluN2B, coded by the GRIN2B gene, which is predominant in the human cortex together with GluN2A. GluN2B-containing NMDARs directly suppress mammalian target of rapamycin signaling and repress protein synthesis involved in excitatory synaptic transmission in cortical neurons ([@CIT0080]). Ketamine rapidly activates the mammalian target of rapamycin pathway, leading to increased synaptic signaling proteins and increased number and function of new spine synapses ([@CIT0042]). A key role of GluN2B in mediating ketamine effects was demonstrated by the observation that mice lacking GluN2B-containing receptors in their cortical neurons showed a reduced amount of depressive-like behavior, very similar to normal mice treated with ketamine ([@CIT0055]). Consistent with these findings, the downstream genetic variant rs1805502 in the GRIN2B gene has been associated with TRD ([@CIT0083]).

The long-term changes in synaptic strength induced by ketamine are also dependent on NMDAR activation of AMPA/kainate glutamate receptors, since antagonists of these receptors block the antidepressant-like effects of ketamine ([@CIT0049]). The subunit 4 of the glutamate kainate receptor (coded by the GRIK4 gene) is expressed in the hippocampus ([@CIT0012]), where it exerts a modulatory effect on synaptic plasticity in conjunction with NMDARs ([@CIT0040]). Variants within GRIK4 (rs11218030 and rs1954787) were associated with TRD and the risk of developing psychotic symptoms during depressive episodes, a known clinical risk factor of TRD ([@CIT0054]). The same polymorphisms were associated in a consistent direction with worse ECT response in TRD patients ([@CIT0056]). According to these studies, patients carrying the rs11218030 G allele or the rs1954787 GG genotype had increased risk of TRD and lack of response to ECT.

The role of other genes coding for glutamate receptors was unfortunately not investigated, while other genes involved in synaptic plasticity were suggested as possible modulators of TRD. Brain derived neurotrophic factor (BDNF) has been extensively studied, since it plays a key role in promoting neuronal survival, differentiation, and growth. Peripheral BDNF expression levels were found to be decreased in TRD patients compared with antidepressant-responsive patients, in line with the hypothesis of a BDNF deficit in MDD and particularly in TRD ([@CIT0031]). The Valine66Methionine, or rs6265 polymorphism, was the most investigated BDNF variant, since the Met protein is less efficiently secreted, resulting in lower interaction with BDNF targets ([@CIT0008]). A preclinical study ([@CIT0047]) and a small clinical pilot study in a sample of mainly European origin ([@CIT0039]) suggested that the presence of the Met allele attenuates the antidepressant response to ketamine in TRD. A following study in a Chinese population did not confirm this hypothesis and found that TRD patients showed dose-related efficacy of ketamine independently from rs6265 genotype ([@CIT0076]). In this last study, the lower prevalence of the Val/Val genotype in Chinese subjects compared with Caucasians may have affected the power to detect a possible association with ketamine efficacy. Consistent with the lower functionality of the Met protein, a small pilot study suggested that patients with TRD may show better response to repetitive transcranial magnetic stimulation (rTMS) when they carry the Val/Val genotype compared with the Met allele ([@CIT0003]). Other studies investigated the interaction between rs6265 and polymorphisms in other genes in determining the risk of TRD. Interactions with polymorphisms in the NTRK2 gene (coding for BDNF receptor), PPP3CC gene, and serotonergic receptor genes (HTR1A and HTR2A) were reported to affect the risk of TRD, but these results were not replicated and they should be considered cautiously ([@CIT0002]; [@CIT0045]; [@CIT0036]).

PPP3CC (protein phosphatase 3 catalytic subunit gamma) may have a role in the activation of a neuron-enriched phosphatase that regulates synaptic plasticity ([@CIT0081]). It has been recently suggested as a candidate for TRD risk ([@CIT0017]), possibly through an interaction with BDNF and HTR2A polymorphisms as reported above ([@CIT0036]). CREB1 (CAMP responsive element binding protein 1) codes for a transcription factor that is a downstream effector of BDNF, and its function can affect BDNF signaling pathway. Some polymorphisms (rs2253206, rs7569963, rs4675690) in this gene were associated with TRD ([@CIT0071]), despite that subsequent studies did not genotype these variants and reported no association with TRD for other CREB1 variants but a possible effect on symptom remission ([@CIT0007]; [@CIT0020]).

Among other genes involved in the modulation of neurogenesis and neuroplasticity, it is worth mentioning preliminary results reported for growth-associated protein 43 and the Fas/FasL system ([@CIT0018]; [@CIT0068]). growth-associated protein 43 codes for a neuron-specific cytosolic protein involved in the development of neuronal growth cones and axonal regeneration ([@CIT0041]). The Fas/FasL system is one of the best-known death-receptor mediated cell signaling systems, and it may be relevant to neurogenesis and neuroplasticity ([@CIT0068]).

The monoaminergic theory, even though it only partially explains the pathogenesis of MDD, had a primary role in guiding genetic research in this field over the past few decades. Monoaminergic genes that were studied as possible predictors of TRD included the serotonin transporter (SLC6A4), the norepinephrine transporter (SLC6A2), serotonin receptors 2A and 1A (HTR2A and HTR1A), and catechol-O-methyltransferase (COMT). As previously reported, the effect of HTR2A and HTR1A on TRD risk was mainly studied in conjunction with variants in BDNF and PPP3CC genes, and results were unfortunately not replicated or negative. Thus, these genes are not further discussed ([@CIT0002]; [@CIT0050]; [@CIT0017]; [@CIT0036]).

The insertion/deletion functional polymorphism (5-HTTLPR) of the SLC6A4 gene is a functional polymorphism which L (long) allele was associated with higher transcription of the gene and better antidepressant response compared with the S (short) allele in Caucasian samples ([@CIT0065]). In line with these findings, TRD patients carrying the SS genotype were demonstrated to have smaller hippocampal volume compared with L carriers ([@CIT0063]), but the association between 5-HTTLRP and TRD is controversial since only a few studies considered this phenotype. Better response in TRD patients carrying the LL genotype or lower frequency of this genotype in TRD vs healthy controls was reported ([@CIT0003]; [@CIT0004]; [@CIT0035]), but confirmations in larger samples would provide higher confidence in these results. A reciprocal regulation with the serotonin transporter involving the 2-pore domain potassium channel TREK1 (KCNK2 gene) was recently found implicated in mood regulation. Genetic polymorphisms in KCNK2 were found to predict TRD in a quite large sample ([@CIT0062]) and TREK1 blockers have potential antidepressant effects ([@CIT0082]).

Compared with the serotonin transporter, fewer data are available for the norepinephrine transporter (SLC6A2). TRD patients carrying the C variant at SLC6A2 rs2242446 were found to have smaller hippocampal volume compared with noncarriers ([@CIT0063]). The same allele of this polymorphism was observed more frequently in TRD patients vs healthy controls ([@CIT0035]), but replications are lacking.

COMT is responsible for one of the major catabolic pathways of monoamines. Variants in this gene were associated with increased risk of suicide in TRD ([@CIT0069]), they were observed more frequently in TRD compared with healthy controls ([@CIT0046]), and they may be associated with ECT response in TRD ([@CIT0016]). On the other hand, negative results were also reported ([@CIT0050]; [@CIT0017]).

Other putative genetic modulators of TRD are involved in antidepressant pharmacokinetics, and they include genes belonging to the cytochrome P450 (CYP450) superfamily and the P-glycoprotein (P-gp) coded by the ABCB1 gene.

Variants in genes coding for CYP450 enzymes may contribute to the risk of TRD despite there are no studies that investigated this association. Functional polymorphisms in CYP2D6 and CYP2C19 genes are the pharmacogenetic biomarkers with the highest support in current clinical guidelines ([@CIT0009]) and in antidepressant labeling according to regulatory agencies ([@CIT0022]). According to these recommendations, there is strong or moderate evidence supporting specific actions (choice of antidepressant and dose) based on the presence of functional variants in these 2 CYP450 genes when treatment is a tricyclic antidepressant, sertraline, citalopram, escitalopram, fluvoxamine, or paroxetine. For example, the Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines strongly recommend to avoid the prescription of paroxetine, amitriptyline, and nortriptyline in CYP2D6 ultrarapid metabolizers because of increased risk of treatment failure ([@CIT0009]). However the complex nonlinear correlation between plasma level and clinical efficacy of selective serotonin reuptake inhibitors complicates the picture ([@CIT0023]).

ABCB1 codes for an ATP-dependent efflux pump (P-gp), which limits the uptake and accumulation of some lipophilic drugs, including a number of antidepressants, into the brain. Some variants in this gene may impact on treatment response to antidepressants by affecting their transport across the brain-blood barrier. In line with this hypothesis, ABCB1 gene expression was associated with TRD ([@CIT0006]), and polymorphisms associated with P-gp increased activity may confer susceptibility to TRD in patients treated with normal doses of antidepressants targeted by P-gp (e.g., venlafaxine, paroxetine) ([@CIT0066]).

GWAS {#s8}
----

Three GWAS have investigated the genetics of TRD, and they used different approaches that do not allow a straightforward comparison of findings. One study was focused on copy number variants ([@CIT0060]), another on common SNPs (single nucleotide polymorphisms) ([@CIT0043]), while the last considered pathways ([@CIT0021]).

A modest enrichment of duplications was found in TRD, and a particular deletion spanning the PABPC4L (poly(A) binding protein cytoplasmic 4 like) gene was identified. PABPC4L is involved in the degradation of abnormal mRNA molecules, but this association did not survive multiple-testing correction ([@CIT0060]). The analysis of common SNPs did not provide more encouraging results, since no genome-wide significant or suggestive signal was identified ([@CIT0043]), suggesting that possible methodological limitations of these GWAS should be considered. The most known one is inadequate statistical power, given that a sample of \~2000 subjects was estimated to provide adequate power to identify individual variants associated with a binary trait with heritability \~40%, while \~5000 are required for a binary trait with heritability of 20% ([@CIT0079]). The heritability of TRD was estimated to be \~17% ([@CIT0043]), despite other GWAS of antidepressant response suggesting that the contribution of genes could be higher ([@CIT0077]). On the basis of these considerations, previous GWAS had inadequate power except one that may have been limited by an unbalance between the number of TRD and non-TRD patients ([@CIT0043]). Other relevant limitations of previous GWAS have been the small effect size of common risk loci associated with TRD and the relatively limited coverage of common human genetic variation, issues that were demonstrated to significantly affect power independently from heritability ([@CIT0075]). Possible alternative strategies to the recruitment of large samples include the use of aggregated tests and genotype imputation using large and diverse reference panels as discussed more in detail elsewhere. A previous GWAS applied pathway analysis and machine learning to investigate possible gene sets (pathways) implicated in the pathogenesis of TRD, with promising findings ([@CIT0021]). A gene set (GO:0006942) including the CACNA1C gene showed a trend of association with TRD. Machine learning models showed that independent SNPs in this gene set predicted TRD with a mean sensitivity of 0.83 and specificity of 0.56 after 10-fold cross validation repeated 100 times. CACNA1C encodes for the α-1C subunit of the L-type voltage-dependent calcium channel; it transiently increases calcium-mediated membrane depolarization and modulates intracellular signaling, gene transcription, and synaptic plasticity. This gene has been associated with multiple psychiatric phenotypes, including schizophrenia, bipolar disorder, and MDD, suggesting it plays a pleiotropic role in psychiatric disorders ([@CIT0011]). A number of other genes in the identified pathway (33 genes out of a total of 72 genes) were linked to long-term potentiation, neural survival, neurogenesis, and neuroplasticity, but also to MDD and antidepressant efficacy ([@CIT0021]). Among these genes, some regulate glutamate receptors involved in long-term potentiation, a form of persistent strengthening of synapses (e.g., TRPM4, PIK3CG, SUMO1), or calcium currents modulating the same process (e.g., CACNA1C, CAMK2D, FKBP1B, P2RX4, RYR2). Examples of genes previously associated with antidepressant action include adrenergic receptors alpha 1A and 1B and CTNNA3, coding for a protein involved in cell-cell adhesion that may be relevant in antidepressant-induced hippocampal cell proliferation ([@CIT0057]; [@CIT0021]). It is interesting to note that a previous GWAS identified a gene set involved in inorganic cation transmembrane transporter activity (GO:0022890) as a possible modulator of antidepressant response in 2 samples ([@CIT0010]). This gene set includes CACNA1C and other calcium-channel coding genes such as CACNB2; the latter gene was also identified as involved in the shared genetic susceptibility to several psychiatric traits including MDD ([@CIT0011]).

Strategies to Improve Future Studies {#s9}
====================================

The previous paragraphs outline that pharmacogenetic research provided often nonreplicated results in the study of TRD and antidepressant response. Understanding the strengths and limitations of previous studies is a key issue to facilitate advances in the field, including clinical applications. Both candidate gene studies and GWAS show pros and cons that should be taken into account. The candidate gene approach allows the detailed study of variants in genes with higher pretest probability of association with TRD, but it is limited by previous knowledge (many signals may come from genes with unknown function or unknown link with antidepressant action) and by the number of polymorphisms that can be studied. GWAS are suitable to study polygenic traits such as TRD, but previous studies included only a relatively small proportion of known variants in the human genome and they had mostly inadequate power to detect signals with small effect size. For example, previous GWAS of antidepressant response included \~1 to 9 million common variants ([@CIT0027]; [@CIT0043]), while \~40 million common variants were identified in the human genome using whole-genome sequence data from a number of cohorts ([@CIT0051]). Previous GWAS included only a fraction of known genetic variants, but distinguishing genuine small effects from false positives was a relevant issue because of the strict multiple-testing correction needed to have acceptable false positive risk. This issue can be addressed in different ways: increase sample size or use analysis approaches that allow the increase of power (e.g., aggregated approaches). Consortia such as the Psychiatric Genomics Consortium are working on the former, but in the meantime analysis approaches aimed to maximize power should also be developed and implemented.

In the next 2 paragraphs, the advantages of improving the coverage of genetic variants and other methodological strategies to improve power are discussed ([Figure 1](#F1){ref-type="fig"}).

Methods to Improve the Coverage of Genetic Variants: Imputation and Sequencing {#s10}
------------------------------------------------------------------------------

In 2001 the first draft of the human genomic sequence was available thanks to the Human Genome Project ([@CIT0034]). The Human Genome Project was the world's largest collaborative biological project; it was a \$3.8 billion investment and launched the genomic revolution. After 2001, 3 different generations of DNA sequencing technologies can be identified that provide an output orders of magnitude higher than the first sequencing technique and dramatically reduce cost per base ([@CIT0030]). According to the US National Human Genome Research Institute, the cost for sequencing one human genome dropped from \$100,000,000 in 2001 to \$1000 in 2015, and cost dropping exceeded the Moore's Law (which describes a long-term trend in the computer hardware industry that involves the doubling of "compute power" every 2 years) around 2008, meaning that more than excellent technological improvement was achieved ([@CIT0032]).

The use of sequencing is becoming widespread in genetic research thanks to the described technological improvements and drop of costs. The growth of publicly available genome sequencing datasets allowed the development of new and more comprehensive reference panels for genotype imputation, a method used to improve the coverage of common genetic variants in GWAS. In the last 2 to 3 years, the reference databases made available by the Haplotype Reference Consortium (HRC) and by the Trans-Omics for Precision Medicine (TOPMed) Program represent the largest and most diverse whole genome sequence datasets available ([@CIT0051]; [@CIT0059]). The use of these reference datasets for imputation is expected to provide the coverage of the most part of human common genetic variation in an accurate manner and to increase the percent of explained heritability in a given sample size, or in other words improve power ([@CIT0051]).

Imputation can provide very good coverage of common genetic variants (at least in samples of European and Asian ancestry), but sequencing is needed to investigate the contribution of rare variants. Several projects are planned to perform sequencing at the population level to promote the development of precision medicine, that is, a new medical approach where each patient is considered a unique individual, with his/her own genetic signature and other unique biomarkers. Some examples are "deCODE genetics" in Iceland ([@CIT0014]) and "All of Us" in the United States ([@CIT0058]).

The use of genome sequencing is becoming not only feasible on a relatively large scale but also supported by the recent omnigenic hypothesis. According to this theory, the genetic component of complex traits such as TRD is spread across most of the genome, including regions without an obvious connection to the trait of interest ([@CIT0005]). For example, 71%-- to 100% of 1-MB windows in the genome were estimated to contribute to heritability for schizophrenia ([@CIT0048]). The effect size of each associated locus was calculated to be approximately one-tenth the median effect size of genome-wide significant variants, suggesting that the most part of the relevant signals is not captured using the traditional GWAS approach ([@CIT0005]).

Aggregated Tests and Other Strategies to Improve Power {#s11}
------------------------------------------------------

High throughput data (GWAS and sequencing data) provide the valuable opportunity to implement aggregated approaches to study polygenic/omnigenic traits such as antidepressant response. Polymorphisms do no act as single units, but they interact among each other, within the same gene, and also across different genes. In other words, the effect of a single variant could be nullified or modified by the concomitant presence of other variants, and the cumulative effect of a number of polymorphisms is expected to possibly alter the function of a gene or gene set (pathway). For this reason, in pathway analysis the unit of analysis is a set of genes functionally connected among each other (e.g., part of the same chemical or cellular process or involved in protein-protein interactions; [@CIT0044]). The identification of pathways associated with TRD can be helpful not only to develop polygenic biomarkers but also to contribute to the clarification of the pathogenetic mechanisms involved in TRD. Several GWAS applied pathway analysis to the study of antidepressant response and remission. They reported that pathways involved in neuroplasticity, neurogenesis, and inflammation/immune response probably contribute to antidepressant response/remission ([@CIT0019]). To the best of our knowledge, only 2 studies implemented pathway analysis in the study of TRD, using rare variants ([@CIT0060]) or common variants ([@CIT0021]). The former study found a possible role of pathways regulating actin cytoskeleton that did not survive multiple-testing correction ([@CIT0060]). Several studies demonstrated the importance of actin cytoskeleton in dendritic spine morphology, synaptic plasticity, and psychiatric disorders such as depression, providing a possible biological rationale ([@CIT0064]; [@CIT0029]). The second study was already mentioned; it found that a gene ontology gene set (GO:0006942) including the CACNA1C gene predicted TRD risk with a mean sensitivity of 0.83, specificity of 0.56, positive predictive value=0.77, nd predictive value=0.65 after 10-fold cross validation repeated 100 times ([@CIT0021]). Thirty-three genes of a total 72 genes in this gene set were previously associated with long-term potentiation, neural survival, neurogenesis, and neuroplasticity, but also MDD and antidepressant efficacy. One of the main limitations of this study was the lack of result validation in an independent sample.

Pathways associated with TRD can also be used to prioritize polygenic risk scores, which are calculated as the sum of alleles associated with the trait of interest, weighted by effect sizes, for polymorphisms with *P* values less than predefined thresholds. Previous GWAS applied this approach to the prediction of antidepressant response with unsatisfying results ([@CIT0027]; [@CIT0025]). A possible explanation is the lack of statistical power and insufficient coverage of variants, which could be partly addressed by prioritizing variants with higher pretest probability of exerting an effect on TRD, such as variants in pathways previous associated with this trait or antidepressant response. Prioritization can be performed by assigning incremental weights to variants based on the results of previous GWAS but also functional considerations. The incorporation of variant functional annotation including enrichment for expression quantitative trait loci, methylation quantitative trait, cis-regulatory elements (CREs), and pleiotropy across different traits was reported to improve the prediction of complex traits ([@CIT0072]).

The integration of different types of -omics data (e.g., genomics, transcriptomics, and proteomics) with molecular, behavioral, imaging, environmental, and clinical data is also a possible approach to increase power and replication of findings. This approach is the key feature of the TOPMed program, which answers to many of the objectives of the 2016 strategic vision released by the US NIH ([@CIT0059]). For example, the incorporation of clinical information in genetic studies should not be overlooked, and clinical risk factors for TRD should not be considered pertinent to clinicians only. A number of clinical and socio-demographic factors were consistently associated with TRD by several studies, for example older age, chronic depression, moderate-severe suicidal ideation, high level of anxiety symptoms or comorbidity with anxiety disorder, lower education, being single, or divorced ([@CIT0061]; [@CIT0013]; [@CIT0037]). As discussed in the Introduction, some of these risk factors (e.g., severity, suicidal ideation, anxiety comorbidity) may have a genetic base that overlaps with the genetics of TRD, but others are independent (socio-demographic factors) or probably independent (e.g., duration of the depressive episode) from the effect of genetic variants. The lack of consideration of the latter group's influence on TRD may bias the results of pharmacogenetic studies and be responsible for false negative or false positive findings.

Discussion {#s12}
==========

Few studies have investigated the genetics of TRD compared with overall antidepressant efficacy and results were often obtained by candidate gene studies in relatively small samples. The most robust results in terms of replication, evidence using complementary approaches (e.g., gene expression, neuroimaging), and biological rationale are variants in GRIK4, BDNF, SLC6A4, and KCNK2 genes. Functional variants in CYP450 genes may hypothetically play a role, but no study specifically investigated this question. Only 3 GWAS studied the genetics of TRD ([@CIT0060]; [@CIT0043]; [@CIT0021]), and no genome-wide significant signal was identified at single variant level. The lack of genome-wide significant polymorphisms should be interpreted in light of similar results obtained by GWAS of antidepressant response. The few significant hits identified by these studies were inconsistent across independent samples ([@CIT0019]), supporting the hypothesis that some major limitations affected GWAS. As discussed previously, lack of power was among these limitations and this was both due to relative small sample size but also to the poor implementation of analysis approaches able to maximize power. For example, results obtained by gene set (pathway) analysis showed higher similarity across different GWAS and higher biological rationale than signals at variant level, since they pointed towards the involvement of pathways mediating neural plasticity, neurogenesis, and inflammation ([@CIT0019]). Pathways possibly associated with TRD are comparable, because of the importance of actin cytoskeleton in dendritic spine morphology/synaptic plasticity and the role of GO:0006942 genes in neural plasticity/neurogenesis ([@CIT0060]; [@CIT0021]). These findings support the hypothesis that antidepressant response and TRD are polygenic traits, and the methodological improvement of aggregated tests should be pursued to disentangle the whole contribution of genetic variants to these traits. On the other hand, these results should not be interpreted as the proof that antidepressant action depends on a few pathways and these could be sufficient to explain the genetics of this trait, but these pathways probably have a higher weight in determining TRD. This idea leads to the hypothesis that not all genes should be considered equally in GWAS, but information about gene and polymorphism function should be incorporated in genetic studies to assign specific weights and prioritize variants/genes. The inclusion of this information in aggregated tests such as polygenic risk scores could allow an increase in prediction and ability to replicate findings.

Another limitation of previous GWAS was the covering of a limited proportion of human common genetic variants (not more than \~7--9 millions vs the \~40 millions of common variants so far identified; [@CIT0051]). Genotype imputation using large and diverse reference panels (e.g., Haplotype Reference Consortium and TOPMed) is expected to allow the inclusion of more and more common variants as improvements in the method and growth of reference panels proceed, but rare variants are largely not considered in genome-wide arrays. For this reason and for the evidence suggesting that complex traits may have a genetic component spread in small signals across the most part of the genome ([@CIT0005]), the collection of sequencing data would be helpful to perform polygenic analysis able to capture the complexity of TRD. No study has applied whole genome sequencing to the study of TRD so far, leaving this area unexplored, but national projects such as "All of Us" in the United States may allow this kind of study on large population samples ([@CIT0058]).

Finally, clinical-demographic factors associated with TRD should not be overlooked in genetic studies. Some clinical features that are commonly observed in TRD, such as high suicidal risk and anxiety comorbidities, may have a genetic basis that overlaps with TRD genetics and in this case they would represent the features of an endophenotype of MDD. Other known clinical and socio-demographic predictors of TRD risk have no genetic basis (e.g., poor education, old age), and the noninclusion of these modulators in pharmacogenetic studies may lead to biases in results.

Currently, there are no recommended genetic biomarkers to predict the risk of TRD or to guide treatment choice in TRD patients. Clinical guidelines such as CPIC guidelines recommend that CYP2D6 and CYP2C19 functional genotypes are taken into account for some antidepressant treatments ([@CIT0009]). We suggest that genetic testing of polymorphisms in these 2 genes may be helpful in some patients with TRD treated with drugs metabolized by these cytochromes to exclude a major metabolic alteration. Monitoring drug plasma levels may also be helpful. On the other hand, a number of variants in genes involved in antidepressant pharmacodynamics are also involved in determining antidepressant action; thus, focusing on CYP450 genes is not expected to be sufficient in most cases. The implementation of future studies that include the improvements suggested by this review ([Figure 1](#F1){ref-type="fig"}) may provide more valid genetic biomarkers of TRD, probably sets of hundreds or thousands of polymorphisms selected to maximize the sensitivity and specificity of the prediction test. The availability of this kind of clinical application would help in guiding treatment choice and dramatically reduce the individual and socio-economic burden resulting from poor antidepressant response in MDD.

![Representation of previous approaches used in the study of the genetics of TRD (treatment-resistant depression) and possible strategies to implement in future studies to improve power of identifying and replicating significant associations.](pyy02401){#F1}
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